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INTRODUCTION
Ionic liquids (ILs) are attracting increased research interest in a variety of areas. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] Much of this attention arises from the ability to control ionic liquids' physiochemical properties through the careful selection of the cation and anion. 11 Ionic liquid physical properties such as viscosity, conductivity, etc, are becoming better characterised, and the relationship between cation and anion structure, bulk liquid nanostructure and its effect on physical properties is receiving more attention. 12, 13 Conversely, interfacial structure and its influence on surface properties such as surface tension are relatively unexplored. Whilst the IL -air interface has been extensively studied for aprotic ionic liquids using many experimental surface sensitive techniques including direct recoil spectroscopy, 14, 15 neutron reflectivity, 16 vibrational sum frequency spectroscopy, [17] [18] [19] [20] x-ray photoelectron spectroscopy, 21, 22 and x-ray reflectivity, 19 ,23-25 studies of protic ionic liquids are much less common 26, 27 : Protic ionic liquids are prepared by transfer of a proton from a Brønsted acid to a Brønsted base. This creates hydrogen bond donor and acceptor sites, leading to the formation of an extensive hydrogen bonding network. 28 In an ionic liquid, not only do ions at an interface arrange and behave differently to those in the bulk liquid, so do ions situated near the interface. It is therefore necessary to have a detailed understanding of the ion organization in the entire interfacial region to comprehend macroscopic surface properties. This knowledge is important in applications such as gas absorption, including CO 2 capture. [29] [30] [31] [32] [33] [34] Ion arrangement at the surface determines the likelihood of gas adsorption in the first instance, and then the structure of the interfacial region governs the mobility of the gas from the surface into the bulk liquid. In this paper we use x-ray reflectivity to investigate the interfacial region of three protic ionic liquids. X-ray reflectivity is a surface technique which is sensitive to the electron density profile normal to the interface. Fits to the x-ray reflectivity spectra can elucidate the interfacial structure at the atomic scale, and as a consequence it finds use in a diverse range of fields including, for example, electrochemistry, 35 photovoltaics, 36 biotechnology, 37 and membrane biophysics. 38 Neutron 39-41 and x-ray 42, 43 scattering experiments have shown EAN and other protic ionic liquids possess bulk nanostructure, with the extent of ordering within the liquid dependant on the ionic species. EAN exhibits a structural peak in small angle neutron scattering (SANS) 39 and, small-and wide-angle x-ray scattering (SWAXS) 43 patterns. The position of the peak corresponds to a Bragg spacing of ~ 9.5 Å, a distance consistent with two EAN ion pairs arranged in a locally lamellar structure. When the cation alkyl chain is increased by one CH 2 unit (propylammonium nitrate, PAN), the structural peak intensity increases indicating enhanced liquid order, and moves to lower angle consistent with a larger repeat spacing, as expected for a longer alkyl chain. Bulk liquid ordering in protic ionic liquids is primarily a solvophobic 44 effect driven by electrostatic and hydrogen bonding interactions between charged groups, and promoting the segregation of cation alkyl chains into nonpolar domains. Therefore, the longer PAN alkyl chain increases the solvophobic interactions and the liquid structuring.
Recent neutron diffraction experiments in conjunction with empirical potential structure refinement (EPSR) modelling has provided a clearer picture on the bulk liquid ionic arrangement, and hence inter-and intra-molecular forces, for EAN 40 and PAN. 41 For both liquids, the nitrate anions are only found in the vicinity of the ammonium cation headgroups, associating via electrostatic interactions and hydrogen bonding, while the cation alkyl chains assemble together through solvophobic interactions. This results in well-defined regions of polar and non-polar groups arranged in a bicontinuous sponge structure, similar to the L 3 phase formed in various surfactant sytems. The non-polar domains in PAN are larger than for EAN due to the additional cation CH 2 moiety.
Atomic force microscopy (AFM) 45, 46 investigations of EAN and other similar protic ionic liquids have revealed that the periodic ordering observed in the bulk liquid persists at the solidliquid surface, and can be controlled by modifying the cation and anion molecular structure to manipulate hydrogen bonding capacity and solvophobicity. AFM force profiles of EAN at a mica surface revealed a series of steps 5 Å apart, consistent with the molecular dimensions of EAN.
Upon increasing the cation alkyl chain length from two to three carbons (PAN), greater force is required to disrupt the layers, suggesting a stronger solvophobic effect in PAN than EAN.
Conversely, substituting nitrate with a formate anion (ethylammonium formate, EAF) reduces the hydrogen bond capacity and therefore limits the ability of the ionic liquid to form an extended hydrogen bond network. This results in reduced solvophobic interactions and fewer interfacial layers.
Recently we investigated the EAN -air interface using X-ray reflectivity. 26 The reflectivity profile was not consistent with a perfectly sharp interface, nor that of a diffuse but unstructured surface. The simplest model that adequately described the data was comprised of five alternating layers of non-polar and charged regions, with the bulk liquid order obtained 31 Å from the interface; the surface influences the liquid morphology over a distance extending 5 -6 ion pairs. This amphiphilic model is consistent with the structure observed in the bulk liquid.
Interfacial layering has also been reported for the aprotic IL surface. A neutron reflectivity investigation of 1-butyl-3-methylimidazolium tetrafluoroborate and 1-octyl-3-methylimidazolium hexafluorophosphate revealed an inhomogeneous interfacial region for both liquids extending approximately 40 -55 Å into the bulk. 16 The data was best fit using a three layer model. The physical dimensions of each layer indicate the interface is structured with alkyl tailgroups and charged regions segregated, resulting in a lamellar-like structure. More recently, interfacial ionic multilayers at the free surface of trioctylmethylammonium bis(nonafluorobutanesulfonyl) amide were observed using X-ray reflectivity. 24 Data modelling revealed an oscillation in electron density for at least four layers, extending 60 Å into the bulk liquid.
In this work we use X-ray reflectivity to probe the air-liquid interface of EAN, PAN, and EAF to determine whether and to what extent the structural features observed at solid -IL interfaces and in the bulk liquid are also manifested at the air surface.
MATERIALS AND METHODS
Ionic liquids were prepared by the dropwise addition of acid (nitric, Sigma Aldrich, or formic, Fluka) to the amine base (ethylamine and propylamine, Sigma Aldrich) in equimolar amounts. The aqueous solution was thoroughly stirred and kept below 10°C. 47 Excess water was removed from the nitrate ionic liquids by rotary evaporation at 45°C, followed by nitrogen purging and heating at 110°C for at least 12 hours. 45 The formate ionic liquids also had excess water removed by rotary evaporation, however this was conducted at 25°C and the heating step was not undertaken. This is to avoid the formation of amides. 13 Water contents for all ionic liquids were determined by Karl Fischer titration and are listed in Table 1 . The mass density of EAN and PAN was measured using an Anton Paar DMA5000 densitometer X-ray reflectometry measurements were performed at the Australian Nuclear Science and Technology Organisation (ANSTO) Sydney, Australia, using a Panalytical X'Pert Pro reflectometer (Cu-Kα X-rays, wavelength = 1.541 Å). The intensity of specularly reflected monochromatic X-rays from the air-liquid surface was measured as a function of incident angle, θ (θ range = 0.025 -4°, 0.02° step size). The ionic liquid samples were placed in a Teflon trough inside an air tight sample cell, through which we passed a continuous purge of dry nitrogen.
Longitudinal offspecular scans were acquired and were subtracted from the specular reflectivity data. This removed any contribution from the bulk liquid structure to the reflectivity profiles. All measuerements were conducted at 26˚C.
The reflectivity, R, (defined as the ratio of reflected to incident beam intensities) can be expressed as a function of momentum transfer, Q z :
where λ is the beam wavelength and θ the angle of incidence. At small Q z , up to and including the critical angle, all X-rays impinging on the surface will be reflected, a phenomenon known as total external reflection. Once the critical angle is exceeded the reflected intensity decreases rapidly as alkyl and charged components, are given in Table 2 . The reflectivity data was modelled using three different methods (discussed in detail in the next section) using the Motofit 48 reflectivity analysis package. In each of these methods an SLD model is synthesised. The theoretical reflectivity from this model is calculated and compared to the measured data. A differential evolution method is then used to minimise the weighted χ 2 statistic by adjusting model parameters. For each liquid system, four parameters were fixed during data fitting: instrumental scale factor (adjusts reflectivity below the critical edge to one), the bulk liquid SLD (calculated from the mass density, and listed in Table 2 ), the gas phase SLD (set to 0), and the sample background. The data was fit over the range 0.04 < Q z /Å -1 < 0.7 to avoid issues associated with footprint corrections, which are difficult to apply at low Q z without introducing systematic error.
RESULTS
The X-ray reflectivity profiles for EAN, PAN, and EAF are presented in Figure 1 . To remove the Fresnel reflectivity contribution to the profile, the data has been plotted as R/R F vs Q z .
In this representation, a perfectly sharp interface -a Fresnel surface -would be independent of Q z at high Q z . Deviations from this signify the presence of surface roughness (typically from capillary waves) or interfacial structure, or both. Figure 1 shows that EAN, PAN, and EAF all decay more quickly than Q z -4 , indicating that the interfaces are diffuse. Attempts to fit this data using a roughness parameter only were unsuccessful, (with a χ 2 value of 7.4 for PAN, see Table 3 for all values) confirming that the surfaces of EAN, PAN, and EAF are more complicated. Three different fitting procedures have been used to model the data. The first is a slab fit method, which models the interface with a series of slabs, or layers, of uniform SLD and constrained by known molecular dimensions. During the fitting process, each layer thickness was allowed to vary ±2 Å from the known ion pair diameter (listed in Table 1 ), and the SLD of each layer was constrained between the alkyl chain SLD (minimum) and charged region SLD (maximum, see Table 2 ), except for the first three layers (approximately 15 Å), which were allowed to approach zero to account for gas penetration. Roughness is included between interfaces of adjacent slabs and limited to below 4 Å, a common value for liquid surfaces. The model that required the least number of physically reasonable layers was used as the final fit. The advantage of this approach is that many solutions can be rejected based on unreasonable physical parameters. The fits obtained using this method are shown as solid lines on the reflectivity profiles in Figure 1 , and the χ 2 values are listed in Table 3 . The resulting SLD profiles for EAN, PAN, and EAF are shown in Figures 2, 3 , and 4 respectively. The second method uses first order Chebyshev polynomials to describe the SLD profile.
This method is inherently a free form model, which imposes no constraints on the shape of the SLD profile. Chebyshev polynomials are often used as a basis set to approximate other functions, with the important property that they minimize oscillations that rise at the extrema of the interpolation region (the Runge phenomenon). They have been used to model reflectivity data previously, but in a slightly different way. 49 The total depth of the interfacial region -where the SLD is inhomogeneous -is described using a thickness parameter. A number of Chebyshev nodes (which are not linearly spaced) are then specified in this region, which creates a Table 3 .
The Chebyshev polynomial fitting procedure gave similar SLD profiles to the slab fit method, but revealed some finer details. Therefore, a third fitting procedure was used which combined the two methods. In this approach, the slices method, the interface is divided into discrete slices, each 1 Å thick. The SLD of each slice is permitted to vary between the alkyl chain and charged region values, except in the first 15 Å, which have a zero lower bound to account for gas penetration. Initially 50 slices were used, but this number was decreased to a minimum which still gave a physically reasonable model. No roughness parameter was used between slices. This procedure has the advantage of using knowledge of the system, while elucidating finer details by using smaller slices. The SLD profiles for EAN, PAN, and EAF for this fitting procedure are shown in Figures 2, 3 , and 4, and the data fits are shown in the supporting information and χ 2 values are shown in Table 3 . EAN -Air Interface. While we have previously studied the EAN -air interface using x-ray reflectivity and the slab fitting procedure, 26 the two new fitting procedures reveal additional details of the surface structure. All fitted profiles for the EAN -air interface in Figure 2 show a gradual increase in SLD, followed by decaying oscillations. Focusing firstly on the slab fit, the SLD slowly increases with depth into the bulk liquid, reaching a maximum at 14 Å. It then oscillates between regions of high and low SLD before reaching its bulk value (11.07 x 10 -6 Å -2 )
at a depth of ~38 Å, which corresponds closely to the overall thickness of the interfacial layer found previously. This distance is much too large to correspond to a single EAN ion pair (5.3 Å, Table 1 ). The EAN -air interfacial region extends approximately 7 EAN ion pairs before the attaining its bulk liquid structure and constant SLD.
The slab model SLD profile has three maxima at z ≈ 14 Å, 23 Å, and 33 Å with SLDs of 11.89 x 10 -6 Å -2 , 11.47 x 10 -6 Å -2 , and 11.29 x 10 -6 Å -2 respectively. Table 2 shows the SLD of the EAN charged region (the electron rich nitrate anion and cation ammonium headgroup) is 16.83 x 10 -6 Å -2 . This suggests the maxima regions are enriched with polar groups. Similarly, the two SLD minima of 11.0 x 10 -6 Å -2 at z ≈ 18 Å and 29 Å, suggest these regions are enriched ethyl chains. These oscillations indicate that the interface consists of alternating polar and non-polar enriched regions. The SLD profile shows the distance between the polar headgroups groups is 9 -10 Å, which is consistent with the repeat spacings observed in the bulk liquid. 39, 40, 43 Also worth noting is the decreasing amplitude of the oscillations as z approaches the bulk liquid. This indicates the structure imposed by the interface is more pronounced closer to the surface and decays into the sponge-like structure of the bulk liquid.
The Chebyshev SLD profile also shows a gradually increasing SLD with depth, reaching a first maximum at 14 Å, consistent with the slab model. The profile oscillates about the bulk liquid SLD, although the distance between oscillations is larger than those observed for the other models. However, the general features are similar.
The SLD profile for the slices fit ( Figure 2 ) has similar features to the slab and Chebyshev models. There is a gradual increase in SLD as z increases, reaching a maximum at 13 Å. The increases with depth to a maximum SLD of 10.0 x 10 -6 Å -2 at z = 12 Å, followed by 10 Å period oscillations, in good agreement with the slab model as well as bulk liquid length scales. 43 The bulk liquid SLD is reached 28 Å below the surface. The variation between fitted SLD profiles for EAF is most likely a consequence of the low scattering contrast between the charged and apolar regions of this IL (Table 2) .
DISCUSSION
The derived SLD profiles reveal structural details of ionic liquid surfaces, including interfacial thickness, and ion packing and orientation, which influence liquid surface behaviour and properties.
The thickness of the interfacial region (the depth over which surface induced structural reorganisation persists) is the distance from the first increase in SLD (z = 0) to where it reaches its bulk liquid plateau. For EAN and PAN this is 38 Å and 44 Å respectively, which equates to approximately 7 ion pairs. For EAF the distance is 29 Å, or only 5 -6 ion pairs, and is consistent with a less structured liquid. 43 Similarly reduced order for formate compared to nitrate anions has also been observed in AFM force curves at the ionic liquid -mica surface. 46 Lower order in the bulk and at the surface is attributed to reduced hydrogen bonding capacity; the formate anion contains one less proton acceptor site than nitrate, and therefore lowers its capacity to form a hydrogen bond network, which reduces solvophobic effect and the extent of liquid nanostructure.
The iconicity of EAF is lower than EAN, 11 which means that small concentrations of formic acid and ethylamine are present in equilibrium with the ionic species. However this is unlikely to contribute to differences in surface structure between the two liquids. Several recent studies 39, 40, 43, 50 have shown that the ethylammonium cation is amphiphilic, and it is present in much greater concentrations than the neutral species, and it will thus dominate interfacial behaviour.
The SLD profiles of EAN, PAN, and EAF all oscillate about the bulk liquid SLD. The oscillations provide information about the ordering of the ions in the interfacial region. SLDs above the bulk liquid density specify high electron-density regions, enriched in the cation ammonium headgroup and the nitrate or formate anion, while lower SLDs indicate enrichment in the non-polar cation alkyl chains. The amplitude of the oscillations decreases with depth below the surface, suggesting segregation is more pronounced closer to the surface, and decaying to the bulk sponge morphology when the SLD plateaus. The oscillations are more pronounced for PAN than the other two liquids, indicating that the PAN surface is more structured. This is reminiscent of bulk liquid ordering. SANS, 39 SANDALS, 41 and SWAXS 43 have all shown longer alkyl chains enhance structure in protic ionic liquids due to stronger solvophobic interactions.
These oscillations do not arise from a different degree of solvophobic association at the surface, but from orientation of the existing nanostructure into layers parallel to the macroscopic interface. The extent of layering of polar and non-polar components within the interface can be estimated by modelling the SLD profile, ρ(z) using a damped cosine wave:
where:
where d is the periodicity, L is the decay length of the interfacial order, and ρ alkyl and ρ charged are listed in Table 2 . Φ alkyl is the volume fraction of alkyl groups in the bulk liquid, and ΔΦ is the maximum extent of sequestration of alkyl and charged domains. The model fits are shown in supporting information. PAN, which has the greatest degree of solvophobic nanostructure in bulk, forms the most well-defined layers, with an alkyl chain volume fraction enriched from 61% bulk average 39 to 74% at the surface, and then depleted to 52% alkyl groups in the first polar layer. EAN also has enriched surface alkyl chain volume fraction of 60% from the 53% bulk average 39 , which is depleted to 46% in the first polar region. EAF by contrast has minimal layering of polar and non-polar groups; its alkyl chain volume fraction is only enriched to 57% from its bulk average 53%, and depleted to 51% in polar layer. This reflects the much weaker degree of nanostructure expected in bulk for EAF.
In no case however, does the extent of sequestration approach fully-developed lamellar structure comprising oriented bilayers of cations interleaved with counterion layers. The oscillation amplitudes of the SLD profiles of such systems would be much more pronounced.
These interfacial SLD profiles are consistent with previous x-ray 24 and neutron 16 experiments on aprotic ionic liquid surfaces, which suggested interfacial layering extends two or more ion pairs into the bulk. Similarly, bicontinuous microemulsions 52 undergo a transition at the air liquid surface to a lamellar structure, which continues at least 500 Å into the bulk, equivalent to 2 -3 bulk liquid repeat spacings. Layering has also been observed at the free surface of some dielectric molecular liquids [53] [54] [55] at sufficiently low temperatures, extending 4 -5 molecular layers from the surface. The amplitude of the oscillations in the SLD profiles, and the surface induced structure in aprotic ionic liquids, microemulsions and molecular liquids decays to the bulk liquid morphology as distance from the interface is increased, just like for these protic ionic liquids, although the distance of decay is equivalent to more molecular layers in the protic ionic liquids.
An important difference between the SLD profiles obtained in this study and those reported previously for aprotic ionic liquids 16, 24 and other molecular liquids, [53] [54] [55] is that the depth at which the SLD first climbs to the bulk liquid value (i.e. just prior to the first maximum) is much further from z = 0. This could be attributed to surface roughness. Thermally excited capillary waves and intrinsic molecular position contribute to interfacial roughness, σ, and is defined by:
where k B is Boltzmann's constant, T is the temperature, γ is the surface tension of the liquid, q max = (2π/D) and D is molecular diameter, and q min = (2π/λ)Δβsinθ and Δβ is the angular acceptance of the detector. The calculated roughness for EAN, PAN and EAF of 2.9 Å, 3.1 Å and 3.2 Å, respectively, are much too small to account for the observed SLD profiles. Therefore, there must be a structural reason for this feature. This leads us to ask "What does an ionic liquid look like in the presence of gas?"
The gradual increase in SLD from 0 in the interfacial region beginning at z = 0 must be due to a diffuse zone 10-12 Å thick in which gas and ionic liquid are mixed. As with the oscillation period seen deeper beneath the surface, this is too thick to be accounted for by a dilute single cation or anion adsorbed layer, as is sometimes reported for surfactant films. 27, 56 In 2008, Kennedy and Drummond examined several protic ionic liquids using electrospray ionization mass spectrometry (ESI-MS). 57 They found primary nitrate ionic liquids formed large aggregates or clusters in the gas phase, the most abundant being C 8 A 7 + . Formation of the aggregate was independent of cation alkyl chain length. In 2009, Ludwig used thermochemical calculations to show that C 8 A 7 + is the most energetically stable structure in the gas phase, due to its compact hydrogen bond network. 58 Ludwig proposed a geometry consisting of two cubes with alternating cations and anions at each corner, connected through a common anion in one corner, creating a polar core surrounded by non-polar hydrocarbon chains. (Readers are directed to reference 58 for schematics of the geometries). While specific dimensions were not provided, the diameter of the EAN C 8 A 7 + aggregate can be roughly estimated from the size of two cations and one anion to be 9 Å.
We hypothesise that similar, dynamic clusters exist at the protic ionic liquid -air interface. The simplest picture is that the ionic liquid surface is dotted with such clusters with gas penetrating between them, which would account for the 10-12 Å diffuse region observed in the SLD profile. However as the gas phase is present on only one "side" of the surface, it is more likely that the a distribution of precursors to such clusters exist on the ionic liquid surface, and that only the stable clusters escape into the vapour phase. The EAN Chebyshev and slices model's SLD profiles in the diffuse zone provide some supporting evidence for such structures.
The increase in SLD is not a simple sigmoid curve, but contains superimposed oscillations which may arise from the profile of aggregates with regions of low and high electron density, and correlate well with the positions of the ions within such clusters proposed by Ludwig.
Both PAN and EAF SLD profiles suggest similar structures on their surfaces, and PAN has been documented to also form C 8 A 7 + clusters in the gas phase. However, EAF aggregates
were not observed in the gas phase in the ESI-MS study. 57 This does not preclude surface clusters stabilized by the bulk liquid structure. It may simply be that no structure is stable when it escapes into the vapour phase.
Surface aggregation has been suggested previously to explain the difference in surface and bulk structure of 1-butyl-3-methylimidazolium trifluoromethanesulfonate. 20 The surface was investigated using vibrational sum frequency spectroscopy, and the spectra were compared to those obtained for the bulk liquid. This showed the surface SO 3 peak of the anion was blueshifted with respect to the bulk SO 3 peak due to the presence of surface aggregates.
The picture emerging for protic ionic liquid interfaces is one of very small dynamic ionic aggregates. While ionic liquids are generally considered to have negligible vapor pressure, studies have shown that ionic liquids can be distilled, [59] [60] [61] [62] with one paper suggesting ion aggregation in the vaporization process. 59 Given the intrinsically high cohesive energy in ionic liquids, it does not seem unreasonable to conclude that clusters form in the gas phase; indeed these same forces may hold the forming aggregate onto the interface, preventing evaporation.
CONCLUSIONS
The interfacial structure of EAN, PAN, and EAF has been studied using x-ray reflectivity.
The data has been modeled using three different techniques. Each SLD profile showed very similar features, comprising a diffuse region adjacent to the gas phase, and below this a series of oscillations, which provides confidence in the final models. The large distance from the interface to the first maximum in the SLD profiles indicates the surface of the three ionic liquids consist of structured aggregates. The cations and anions arrange in such a way that the polar cation headgroup and anion are surrounded by the cation hydrocarbon tails, protecting the hydrophilic regions from the hydrophobic gaseous phase. Beneath the layer of aggregates the interface is segregated into alternating layers enriched in alkyl chains and ionic groups, reminiscent of the bulk liquid sponge structure but aligned by the interface.
An increase in cation alkyl chain from two carbons (EAN) to three carbons (PAN), results in more pronounced interfacial structure. The longer alkyl chain imparts greater solvophobicity which leads to more well defined segregation of the polar and non-polar regions. Conversely, when the anion is changed from nitrate (EAN) to formate (EAF), which reduces the hydrogen bonding potential, the interfacial region does not extend as far into the bulk liquid. This suggests that solvophobicity determines the sharpness of segregation of interfacial structure while hydrogen bonding determines the extent of ordering.
